One-sentence summary: Basic LEUCINE ZIPPER TRANSCRIPTION FACTOR67 acts downstream of LEAFY COTYLEDON1 to induce DELAY OF GERMINATION1 expression during Arabidopsis seed maturation and to establish primary dormancy.
INTRODUCTION 1
Seed dormancy is a complex life history trait that plays an important role in local thought to act as a timer for seed dormancy release, since it is modified during after-14 ripening (Nakabayashi et al., 2012) . Its mode of action has been the subject of several 15 studies and remains to be fully elucidated (Nakabayashi et (2011) also showed that enhanced DOG1 expression in seeds matured at low temperature 39 requires C-REPEAT BINDING FACTORS from the APETALA2-domain TF family. DOG1 is 40 also regulated by alternative splicing, alternative polyadenylation, histone modifications 41 5 significantly (P<0.05) enhanced in freshly harvested seeds of the OE lines grown in 110 standard conditions, as compared to WT ( Figure 2B ). The freshly harvested OE seeds 111 also exhibited deeper dormancy, requiring a longer period of after-ripening than WT to 112 achieve >90% germination ( Figure 2C ). However, when bZIP67 was overexpressed in the 113 dog1-2 background, the enhanced seed dormancy was suppressed (Supplemental Figure  114 1). These data suggest that bZIP67 may contribute to the regulation of seed dormancy 115 through the control of DOG1 expression. exhibited WT dormancy levels when matured in cool conditions ( Figure 3A ). We measured 131 total transcript abundance in the mature seeds of this complemented line and found that, 132 unlike DOG1 (Kendall et al., 2011; Nakabayashi et al., 2012) , there was no significant 133 increase (P>0.05) in bZIP67 expression in cooler conditions ( Figure 3B ). However, 134 immunoblot analysis performed using an anti-GFP antibody showed that GFP-bZIP67 135 protein quantity was increased approximately 2-fold in cooler conditions ( Figure 3C) . 136
These data suggest that bZIP67 is subject to posttranscriptional regulation by 137 temperature; increased bZIP67 abundance could explain why DOG1 expression is 138 2013). We carried out qPCR using primer pairs corresponding to six regions of DOG1 162 ( Figure 4B ) and also to ACTIN7 (ACT7) as a negative control. Amplicons P2, P3 and P4, 163 spanning 0 to 1 kb upstream of the DOG1 transcriptional start site (TSS), were significantly 164 (P<0.05) enriched in bzip67-1 ProbZIP67:GFP-bZIP67 compared to either the ACT7 or 165 WT controls, and enrichment was strongest at P3 (-400 bp), suggesting that bZIP67 binds 166 to this region of the DOG1 promoter ( Figure 4C ). No enrichment was observed using P3 167 when protoplasts were transfected with an empty vector control (EVC) rather than 168 Pro35S:LEC1 ( Figure 4C ). To confirm that bZIP67 binds to the DOG1 promoter in vivo, we 169 also performed ChIP-qPCR experiments on developing (MG-PMG stage) seeds of bzip67-170 1 ProbZIP67:GFP-bZIP67 plants (Mönke et al., 2012; Pelletier et al., 2017) and detected a 171 significant (P<0.05) enrichment using P3 (Supplemental Figure 2) . 172
We have previously shown that bZIP67 can bind to G box-like (GBL) cis-elements 173 with the core sequence 5′-ACGT-3′ (Mendes et al., 2013) . The DOG1 promoter contains 174 multiple GBL elements (Nakabayashi et al., 2012) , but only GBL1 and GBL2 (both 5'-175 CACGTA-3') are present in the -400 bp region ( Figure 4B and Supplemental Figure 3 ). To7 test whether bZIP67 can bind to GBL1 and GBL2, we performed a DNA-protein-interaction 177 enzyme-linked immunosorbent assay (DPI-ELISA) (Brand et al., 2010) ( Figure 4D) . 178
Epitope-tagged recombinant bZIP67 was incubated with immobilized double-stranded 179 DNA oligonucleotides and binding was determined by immuno-detection (Mendes et al., 180 2013) . When bZIP67 was applied to oligonucleotides containing GBL1 and GBL2, the 181 ELISA signal was >30-fold stronger than when an equal concentration of the 182 corresponding GBL oligonucleotides with mutated (KO) 5′-ACGT-3′ cores (Mendes et al. , 183 2013) were tested ( Figure 4D ). In competition experiments to define specificity, the 184 addition of free GBL oligonucleotides also significantly reduced the ELISA signal from 185 bound GBLs (P<0.05), while the addition of free GBL KO oligonucleotides did not 186 (Supplemental Figure 4) . A combination of in vivo and in vitro experiments therefore 187 suggests that bZIP67 binds to the DOG1 promoter. 
Transactivation of DOG1 by bZIP67 requires GBL and RYL promoter elements 214
To determine whether transactivation of DOG1 requires the GBL1 and GBL2 cis-elements 215 in the promoter, we mutated the 5'-ACGT-3' core sequences in the ProDOG1:GUS 216 construct (Mendes et al., 2013) and tested its ability to drive GUS expression in bzip67-1 217 protoplasts when co-transfected together with Pro35S:bZIP67 and Pro35S:LEC1. 218
Disruption of GBL1 and GBL2 each reduced GUS reporter activity by >70%, and 219 mutations in both blocked transactivation of GUS completely ( Figure 5C ). ChIP 220 experiments have suggested that LEC1 does not bind DOG1 (Pelletier et al., 2017) and 221 that CCAAT-box motifs that may be bound directly by CBC containing LEC1 or L1L 222 GBL2 mutations failed to restore WT levels of seed dormancy ( Figure 7A ). We also 275 measured DOG1 expression in freshly harvested seeds of the transgenic lines using a 276
qRT-PCR primer pair selective for the WT allele (Nakabayashi et al., 2012) . Total DOG1 277 transcript abundance in dog1-2 seeds containing the Col-0 DOG1 genomic construct was 278 >6-fold higher than in seeds containing the variant clones with either the 285 bp Ler-0 279 insertion or GBL1 and GBL2 mutations ( Figure 7B ). These data confirm the notion that 280 polymorphisms, but it is likely that many also affect the efficiency of bZIP67-dependent 379 transactivation. 380
METHODS 382

Plant material and growth conditions 383
The Arabidopsis thaliana bzip67 T-DNA insertion mutants (Mendes et and seeds were harvested from individual siliques on the primary raceme, as soon as they 396 became dehiscent. The seeds were used immediately for germination assays or were 397 after-ripened by dry storage at 22 o C in the dark at 70% relative humidity. 398
399
Germination assays 400
Approximately 50 freshly harvested or after ripened seeds from each individual plant were 401 sown directly onto a 0.8% (w/v) agar plate prepared using deionized water and the plate 402 was placed in a Gallenkamp 228 growth cabinet set to 22 o C, 70% relative humidity (16h 403 light/8h dark; PPFD = 150 µmol m -2 s -1 ). After-ripened WT and mutant seed batches 404 exhibited >90% germination after 3 d of imbibition, and so this time point was used 405 routinely for germination assays (Nakabayashi et al., 2012; . Germination was 406 scored as radicle emergence and was observed under a dissecting stereomicroscope. To 407 determine DSDS 50 (the number of days of seed dry storage required before seeds 408 germinated at >50%), we carried out germination assays on seed batches every 7 days, 409 until >90% germination was achieved (Murphey et al., 2015) . 410
Gene expression analysis and immunoblotting 412
DNase-treated total RNA was isolated from seeds at different morphological stages of 413 development (Pelletier et al., 2017) and from protoplasts using the RNeasy kit from Qiagen14 Ltd. (Crawley, West Sussex, UK), except that for seeds, the method was modified 415 Table 1 . For analysis of DOG1 protein, seeds 423 were homogenized in 50 mM Tris-HCl buffer (pH 6.8) and the total protein was denatured 424 and concentrated using chloroform/methanol precipitation (Wessel and Flügge 1984) . 425
Protein quantification, SDS-PAGE, and immunoblotting were then performed as described 426 previously (Craddock et al., 2015), except that anti-DOG1 (AS15 3032, Agrisera AB), anti-427
3-ketoacyl-CoA thiolase (KAT2) (Germain et al., 2001) or anti-GFP antibodies (Roche) and 428
anti-IgG-HRP (Invitrogen) were used as primary and secondary antibodies at 1 in 1000 429 and 1 in 10,000 dilutions, respectively, and HRP was detected using either an Enhanced 430
Chemiluminescence kit (Perkin-Elmer) or colorimetric kit (Bio-Rad). Images were scanned, 431 and band intensity was quantified using Image J (https://imagej.nih.gov/ij/). 432
433
Transient expression in Arabidopsis protoplasts 434
The -600 bp promoter region of DOG1 was amplified from Col-0, Cvi-0 and Ler-0 genomic 435 DNA using primer pairs listed in Supplemental Table 1 Agrobacterium tumefaciens strain GV3101, and Arabidopsis transformation was then 482 carried out using the floral-dip method (Clough and Bent 1998). Herbicide resistance was 483 used to select more than 40 T1 primary transgenic lines per construct, and multiple 484 homozygous T3 lines were subsequently recovered and analyzed. 485
Statistical analysis 487
All experiments were carried out using either three or five biological replicates, and the 488 data are presented as the mean values ±SE. We used analysis of variance (ANOVA) to 489 assess differences between genotypes or treatments (Supplemental Table 2 ). Following 490 significant (P<0.05) F-test results, means were compared using the appropriate least 491 significant difference (LSD) value at the 5% (P=0.05) level of significance, on the 492 corresponding degrees of freedom. The GenStat (©VSN International Ltd., Hemel 493
Hempstead, UK) statistical system was used for these analyses. 494
495
Accession numbers 496
The TAIR accession numbers for the sequences of major genes mentioned in this study 497 are as follows: Expression of LEC1 is necessary and sufficient for the induction of bZIP67 and AFL (ABI3, FUS3 and LEC2), and ALF are also necessary for bZIP67 expression (Pelletier et al., 2017) . Our data suggest that LEC1 expression also induces DOG1 in a bZIP67-dependent manner and that bZIP67 binds to GBL cis-elements in the DOG1 promoter, which are necessary for expression. Other LEC1-inducible proteins are also necessary for DOG1 expression, but it is not known whether AFL bind to RYL ciselements in DOG1 directly. However, loss and gain of bZIP67 function in seeds is sufficient to reduce and increase DOG1 expression (and dormancy), respectively, and bZIP67 protein abundance is also increased by cool conditions during seed maturation that promote DOG1 expression (and dormancy). Our data also suggest that a 285 bp INDEL situated between GBL and the transcriptional start site is responsible for the difference in DOG1 expression found in ecotypes Ler-0 and Cvi-0.
